This feature review describes the developments of catalytic [4 + 2] and [4 + 3] cycloadditions of allenes, as efficient and practical methodologies for assembling six and seven-membered cyclic systems. The different methodologies have been classified depending on the type of key reactive intermediate that was proposed in the catalytic cycle.
Introduction
Allenes are cumulated systems with two contiguous carboncarbon double bonds. Compared to alkenes, allenes are intrinsically more reactive owing to their higher strain, and can exhibit axial chirality, something of interest in the area of asymmetric synthesis. For a long period of time allenes were considered not very stable and difficult to make; therefore, they were underestimated for the development of new synthetic methodologies. However, over the last two decades there have been many advances on the development of new synthetic approaches to prepare different types of allenes, which have fueled an intense activity to further uncover their synthetic potential.
1,2 One of the consequences is that the number of reports on the synthesis of natural products that involve as key step the reaction of an allene moiety has experienced an extraordinary growth. 3, 4 From the different transformation possibilities of allenes, those consisting of cycloaddition reactions are particularly appealing. Cycloadditions, by allowing the generation of at least two bonds and one cycle in a single operation, are unique tools to convert simple precursors into target relevant cyclic products in a rapid and efficient manner. Also importantly, cycloadditions generally involve the simple addition of two or more molecules, thereby being atom economical; and in many cases they take place with high regio-and stereo-control. 5 Classical examples of cycloadditions of allenes include thermally-or photochemically-induced pericyclic processes such as Diels-Alder and 1,3-dipolar cycloadditions, or transformations proceeding through diradical intermediates, like many [2 + 2] processes. However, the scope of classical cycloaddition reactions is relatively small and restricted to precursors presenting a suitable electronic complementarity. Therefore, the development of catalysts that can afford new cycloaddition patterns is of enormous interest. Generally, the allene acts as a 2C component, reacting by one of the two double bonds, although some examples describing the participation of the allene as a 3C component have also been recently reported.
One the other hand, it has also been extensively shown that allenes activated with electron withdrawing groups (e.g CO 2 R or PO 3 R 2 ) can participate in cycloaddition reactions by using Lewis base catalysts, such as phosphines. The ability of these nucleophilic catalysts to add to the central position of these electron deficient allenes allows the generation of a dipole capable of reacting with different cycloaddition partners. 
Catalytic cycloadditions through metallacyclic intermediates
During the last decades, a variety of transition metal catalyzed [4 + 3] cycloadditions for the synthesis of seven-membered heterocyclic and carbocyclic systems have been reported. 6 , which was shown to be very active in related cycloadditions, allowed the desired cycloadducts to be obtained with good yields, complete diastereoselectivity and full chirality transfer. Interestingly, the allenic precursors could be generated in an optically enriched fashion by a dynamic kinetic asymmetric allylic alkylation; thus, the method provides an interesting entry to enantioenriched 5,6-bicyclic structures in a two-step sequence from simple racemic allenes (Scheme 2). It is worth noting that despite the progress in the development of enantioselective transition metal-catalyzed cycloadditions of dienes and alkynes proceeding through metallacyclic intermediates, 11 related asymmetric processes using allenes have not been reported. π-allyl complex of type X, which has the R 4 group in a pseudoequatorial orientation. Finally, a reductive elimination affords the [4 + 2] cycloadduct (8) as a single diastereoisomer. The regio-and stereochemical outcome of the reaction has been rationalized assuming a pseudoequatorial orientation of the π-allyl moiety in the intermediate X, which helps to minimize repulsive steric interactions between this group and others substituents of the metallacycle. In the year 2000, the same group developed an enantioselective variant of this cycloaddition using a chiral palladium catalyst. The best enantioselectivities, of up to 83% ee, could be achieved using a catalyst made from Pd 2 (dba) 3 (2.5%) and the ferrocenyl phosphine ligand L3 (6%), in CH 2 Cl 2 at rt (Scheme 6). 16 In the above examples the use of allenic precursors is probably key for success owing to the formation of bonds between the metal and their activated unsaturated carbon atoms.
elimin. In 2011, Matsubara and Kurahashi reported the first examples of the participation of allenes in any type of transition metalcatalyzed hetero-[4 + 2] cycloaddition that proceeds via metallacyclic intermediates. In particular, these authors described the cycloaddition between enones of type 9 and 1,1-disubstituted allenes to afford synthetically relevant highly substituted dihydropyrans of type 10 in good yields. 17 The reaction is promoted by a nickel catalyst preformed from Ni(COD) 2 and a iminophosphine ligand (L4). Moderate stereoselectivities were obtained when monosubstituted allenes were used (Scheme 7). From a mechanistic point of view, the authors proposed the initial oxidative cyclization of Ni(0) to the enone to form the oxanickelacycle intermediate XI. Subsequent coordination of the allene and migratory insertion into the C−Ni bond would lead to the seven-membered oxa-nickelocycle XII which, upon reductive elimination, delivers the final adduct and regenerates the catalyst. Supporting this mechanistic pathway, the authors reported the quantitative generation of the oxa-nickelacycle XI (R 1 = Me), from the stoichiometric reaction between the benzylideneacetoacetate 9a (R 1 = Me) and Ni(COD) 2 / L4 at rt. 
X

Catalytic cycloadditions through zwitterionic intermediates
In this section we describe a series of [4 + 2] and [4 + 3] catalytic cycloadditions involving allenes which have been proposed to proceed through zwitterionic intermediates. Depending on the type of catalyst that is used, two major types of processes can be considered, either those promoted by Lewis bases, (e.g. phosphines) and others promoted by carbophilic transition metal-catalysts (e.g. Pt(II) and Au(I) complexes). The former makes use of allenoates which, upon reaction with the Lewis base, are transformed into nucleophilic dipoles like XIII (Figure 2 ), which undergo a subsequent cycloaddition reaction. 
Reactions promoted by Lewis-base catalysts
In 1995 Lu and coworkers reported that 1,3 dipoles of type XIII could be generated from the addition of PPh 3 to allenoates. This type of dipoles undergo very interesting [3 + 2] cycloadditions with electron-deficient alkenes, imines and other unsaturated 2-atom partners.
3,7
In 2003, Kwon and co-workers demonstrated that, if the α-position of the allenoate is substituted by an alkyl group such as in 11a or 11b, the addition of the resulting zwiterionic intermediate of type XIII' to a tosyl aldimine exclusively takes place through the less hindered γ position. Two consecutive proton transfers followed by a ring closure with expulsion of the phosphine leads to tetrahydropyridines of type 12, which are isolated in good to excellent yields (Scheme 8). 18 Therefore, the overall process can be considered as a formal [4 + 2] cycloaddition in which all the three carbon atoms of the allene, together with its adjacent sp 3 carbon, are incorporated into the newly formed cycloadduct.
Scheme 8 [4 + 2]
Cycloadditions between α-substituted allenoates and imines.
The synthetic utility of this method has also been demonstrated by Kwon and coworkers by applying the phosphine-catalyzed [4 + 2] cycloaddition to the total synthesis of Hirsutine. 19 The annulation between the indol imine 13a and the allenoate 11b provided 14ab, an advanced precursor of the target alkaloid Hirsutine, which was eventually obtained after a sequence of ten steps. A related strategy using the imine 13b and allenoate 11c also enabled the formal synthesis of related alkaloids such as Alstonerine (Scheme 9). The reaction has been also carried out in an enantioselective manner by using mononuclear phosphoramidite-gold(I) complexes like 37. 37 The scope of this method, which . Initially, these authors showed that the [4 + 3] cycloaddition of 38 could be carried out under Pd (II) catalysis, providing the tetracyclic system 39, which incorporates the core skeleton of Cortistatin A, a potent antiangiogenic natural product. 38 In subsequent papers, they demonstrated that gold catalysts such as JohnPhosAuCl/AgSbF 6 were more effective, in particular when the annulation process was carried out using a propargyl ester precursor like 41 (Scheme 21), which in situ rearranges to an allenyl acetate intermediate (XXII). Both, the rearrangement and the cycloaddition are catalyzed by the gold complex. Curiously, depending on the ring size of the starting material, different diastereoselectivities were observed. Fürstner and co-workers described several examples confirming this type of ligand-dependent dichotomy (Scheme 23). 41 In particular, they showed that the π-acceptor properties of NHC ligands such as L6 could be enhanced by introducing a second aromatic layer spanned over the imidazopyridine-2-ylidene system (L6'), whereas the σ-donating abilities of both ligands remain basically equivalent. As a consequence, the gold complexes of ligands L6 and L6' behave in a different manner. While complex L6AuCl, containing the less π-acceptor ligand is able to efficiently induce the [4 + 3] cycloaddition of allenediene 34'a, the related catalyst with the cyclophanic NHC ligand (L6'AuCl), preferentially afforded the [4 + 2] cycloadduct 43a (Scheme 23). . The viability of this route was also demonstrated by a parcial oxidative interception of the gold carbenoid intermediates (XXV). 47 On the other hand, in the case of the AuCl-catalyzed cycloadditions of allenamides and electron rich dienes, such as 1-metoxydiene, the theoretical calculations predict a stepwise cationic pathway through the key intermediate XXVI. An enantioselective version of these [4 + 2] cycloadditions between allenamides and dienes using the chiral gold complex 54, which features a triazole unit embedded in a rigid axially chiral cyclic frame, has been recently disclosed (Scheme 29). 49 The catalyst generated from 54 and AgNTf 2 was able to promote the [4 + 2] cycloaddition between allenamides (49) and conjugated dienes, to give optically active cyclohexene products of type 50, with complete regio-and diastereoselectivity, and enantioselectivities of up to 99% ee (Scheme 29). 
Conclusions
The use of allenes as cycloaddition components in catalytic [4 + 3] and [4 + 2] cycloadditions brings excellent opportunities for the synthesis of a great variety of six and seven membered cyclic and polycyclic structures. Although several methods proceeding through key metallacyclic intermediates have been developed since the earlier reports of 1995, most of the recent examples are based on the use of Lewis bases (i.e. phosphines) and carbophilic catalysts (gold or platinum complexes). Both reagents are able to convert allenes into very reactive zwitterionic intermediates that behave as 2C and 3C cycloaddition partners, or even as 4C components if a vicinal atom participates in the process. The development of new methods, either with transition metals or Lewis bases seems to be warranted as the number of efficient and versatile methods for the synthesis of allenes keeps growing. On the other hand, further applications of these and related methodologies for the synthesis of natural products and others pharmaceuticals of interests, featuring six and sevenmembered cycles, are expected in the near future. 
